In this study, the mechanism of cerebral contusion was investigated using finite element analysis. A finite element human head model was constructed and used to simulate of 9 real-world fatal cerebral contusion accident cases. In these simulations, the impact velocities of the impact objects were estimated on the basis of the available information such as the regions of skull fracture and cerebral contusion. The pressure fluctuations inside the skull and the input force durations in each case were obtained using these simulations. These results show that in case of coup contusion, a negative pressure occurs on the impact side and is directly correlated with short force durations. In contrast, in case of contrecoup contusion, negative pressure occurs on the opposite side of impact and is directly correlated with long force durations. As the result, coup contusions are caused when the input force durations are short, contrecoup contusions are caused when the input force durations are long.
Introduction
Skull fracture, intracranial hemorrhage, or brain injury can be caused in humans due to a strong impact to the head. The following 2 types of brain injuries are often observed: one type is cerebral contusion which is a local brain damage to the brain, and the other is diffuse axonal injury (DAI) which is a diffuse brain damage to the brain. In various head injuries caused by external impact loading, cerebral contusion and DAI mainly result in direct failure of the cerebral parenchyma. Cerebral contusions can be either coup or contrecoup contusions that occur on either the same or the opposite side of impact, respectively (1) . Cerebral contusions are caused by rapid pressure fluctuations transmitted to the brain surface via the cerebrospinal fluid (CSF) (2) (3) . The hypothesis that the brain surface is destroyed when the cerebral parenchyma collides with the skull, although intuitive, has never been observed (4) . The cavitation theory states that the pressure gradient generated in the CSF by impact causes contrecoup negative pressure on the opposite side of impact and forms cavitation bubbles; the subsequent collapse of the bubbles causes brain tissue damage. Although this theory can be trusted, no collapse of bubbles in the head has yet been observed (5) . Although various theories report the generation mechanism of cerebral contusion, none can sufficiently explain the entire mechanism. For predicting the dynamic response of the human head, numerous cadaver and animal experiments have been performed (6) (7) ; however, these experiments are difficult to conduct because of cost and/or ethical concerns. Furthermore, the finite element method is widely used to predict the dynamic responses of the human head (8) . Some researchers report the reconstruction of real-world brain injury cases using multibody dynamics and finite element method (9) (10) (11) . These studies demonstrate the effectiveness of these methods but do not explain the mechanism of the brain injuries themselves.
Fujiwara et al. analyzed 105 real-world fatal brain injury cases (12) . Coup contusions are caused more easily by direct blows to the head than contrecoup contusions, and contrecoup contusions are caused more easily by falls and fall-downs than coup contusions (12) . In this study, input force duration which is strongly related to the impact region on the human head, impact velocity, stiffness, mass or shape of the impact object, was focused. Previous studies (13) (14) using impact experiments and finite element analysis of a water-filled acrylic container have showed that negative pressure inside the container is caused by deformation of the acrylic wall; this negative pressure tends to occur on the impact side when the force duration is short and on the opposite side of impact when the force duration is long. In this paper, for understanding the relationship between input force duration and dynamic response inside the skull, 9 real-world brain injury accident cases, including 3 coup contusion cases and 6 contrecoup contusion cases, were simulated using a finite element human head model. Numerical calculations were performed using LS-DYNA version 971.
Finite-element Human Head Model
A computer model was constructed using cross-sectional T1 weighted MRI data of a woman's head because it was recently decided that CT should not be used for research to avoid radiation exposure. The slice thickness of the data is 3.3mm, and the slice interval is 0.0mm. Both the internal and external boundary curves of the scalp, skull, CSF, brain, and brain stem were extracted by binary image processing of the MRI data to make the internal and external surfaces of each part of the model. Three-dimensional human head models with hexahedral elements were made between the internal and external surfaces of each part (Fig. 1) . The three-layered structure of the skull, which consists of an outer table, diploe, and inner table, was also reproduced. Finally, the finite element model consisted of 147,723 nodes and 114,012 elements. The material properties of each part of the model are shown in Table 1 (15) (16) (17) . Elastic properties were assigned to the scalp (15) and skull (16) , and viscoelastic properties were assigned to the CSF, brain, and brain stem (17) . , skull (outer table, diploe, and  inner table) , CSF, brain, and brain stem. Table 1 Material properties of the finite element human head model. Elastic properties were assigned to the scalp (15) and skull (16) , and viscoelastic properties were assigned to the CSF, brain, and brain stem (17) .
Scalp
Outer/inner For verifying the finite element model, the numerical results were compared with those results of the cadaver experiment by Nahum (6) . The impact direction was along the specimen's mid-sagittal plane, and the head was rotated forward such that the Frankfort anatomical plane was inclined 45° from the horizontal plane. The outline of the experiment is shown in Fig. 2(a) . In the experiment, a 5 kg iron impactor was impacted to the head at 6 m/s (used by Nahum). However, Nahum does not definitively show what types of padding materials were interposed between the skull and impactor; therefore, in numerical calculations of this study only the time-force history( Fig.2(b) ) was used as described in the literature (6) . The restraint condition of the head was free because the cadaver subject was seated and not restrained around the neck. The slide-type contact condition was used between the skull and CSF, CSF and brain, and brain and brain stem.
The experimental pressure response given by Nahum and pressure response calculated using finite element model in this study are shown in Fig. 3 . Although slight difference was observed between the experimental and numerical results, this model was corroborated by the experimental cadaver test and sufficiently predicted intracranial pressure. Figure 3 Comparison to the cadaver experiment by Nahum (6) and numerical calculation. The validation demonstrates that this model is corroborated by an experimental cadaver test and sufficiently predicts intracranial pressure. 3. Simulations of Real-world Brain Injury Accident Cases
Real-world Brain Injury Accident Cases
The autopsy results (performed by S. Fujiwara), in which the cause of death was cerebral contusion, are shown in Table 2 . In these cases, the type of impact was classified as a blow, fall, or fall-down. In each type of impact, the contusion was classified as a coup or contrecoup contusion. Coup contusions are predominant in blows, and contrecoup contusions are predominant in falls and fall-downs. According to the postmortem data in Table 2 , coup contusions tend to occur due to impacts by sharp-cornered objects (cases 1-3), and contrecoup contusions, due to impacts by objects with flat surfaces (cases 4 and 5). Contrecoup contusions are predominant in all the cases of falls and fall-downs (cases 6-9). Table 2 Postmortem data (cause of death was cerebral contusion, 1968~1984). In these cases, the type of impact was classified as a blow, fall, or fall-down. In each type of the impact, the contusion was classified as a coup or contrecoup contusion.
(a) Blows. The data include 3 coup and 2 contrecoup contusions. 
Simulations of Real-world Brain Injury Accident Cases
In order to begin the simulation, the relative velocity between the head and impact object, and the impact position of each case must be estimated. In this study, the impact positions are described in the postmortem data ( Table 2 , impact region). The relative velocities between the head and impact objects were estimated in order to generate negative pressure in the lesion area of the brain and fracture the skull in the fracture region described in the postmortem data. In the simulations, the pressure threshold for causing cerebral contusion was -100 kPa (5) . Skull fracturing was also simulated, because it was observed in all cases. The tensile stress thresholds for causing skull fracture were 70.5 MPa for the outer and inner tables and 21.4 MPa for the diploe (16) . The simulations of the 9 cases are shown below.
[ Case 1] The frontal region of the head was impacted by a beer bottle (467 g), causing a skull fracture at the frontal region and a coup contusion at the lower side of the frontal lobe. In the simulation, the impact velocity (1-15 m/s) was applied to the node that constituted the beer bottle model (Fig. 4(a) ). In order to determine the impact velocity of this case, the following 2 conditions had to be satisfied:
1) The negative pressure must be generated on the impact side only, because a coup contusion was observed.
2) The frontal skull must be fractured. The impact velocity that satisfies these conditions was around 10 m/s. The intracranial pressure fluctuations of the impact side and its opposite side are shown in Fig. 4(b) . The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 1.4 ms. The right temporal region of the head was impacted by a wooden box (1.5 t), causing a skull fracture from the right temporal region to the right cranial fossa and a coup contusion at the right parietal lobe. In the simulation, the impact velocity (1-15 m/s) was applied to the node that constituted the wooden box model (Fig. 5(a) ). The impact velocity that satisfied this case was around 15 m/s, which caused negative pressure on the impact side (Fig. 5(b) ) and skull fracture in the right temporal region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 2.7 ms. The right parietal region of the head was impacted by a sake bottle (700 g), causing a skull fracture at the right parietal region and a coup contusion at the right parietal lobe. In the simulation, the impact velocity (1-15 m/s) was applied to the node that constituted the sake bottle model (Fig. 6(a) ). The impact velocity that satisfied this case was around 15m/s, which caused the negative pressure at the impact side (Fig.6(b) ) and the skull fracture at the right parietal of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 2.2 ms. [ Case 4] A man who was walking along the street was impacted by a tank lorry (6 t) at the parieto-occipital region of the head, causing a skull fracture at the occiput region and contrecoup contusions at the lower side of the left and right frontal lobes and at the lower side of left temporal lobe. In the simulation, the impact velocity (1-15 m/s) was applied to the node which constituted the tank lorry model (Fig.7(a) ). The impact velocity which satisfied this case was around 10m/s, which caused the negative pressure at the opposite side of impact ( Fig.7(b) ) and the skull fracture at the occiput region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 3.7 ms. [ Case 5] A man who was working at a construction yard was impacted by a steel trash box (600 kg) at the occipital region of the head, causing a skull fracture at the occipital region and contrecoup contusions at the lower side of the frontal lobe and the right and left temporal lobe poles. In the simulation, the impact velocity (1-15 m/s) was applied to the node which constituted the steel box model (Fig.8(a) ). The impact velocity which satisfied this case was around 9.5m/s, which caused the negative pressure at the opposite side of impact (Fig.8(b) ) and the skull fracture at the occipital region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 3.6 ms. [ Case 6] A man fell from 5.5 m high onto a concrete road, and the upper side of the occipital region of the head was impacted, causing a skull fracture at the occiput region and a contrecoup contusion at the lower side of the frontal lobe. In the simulation, the impact velocity (1-10.4 m/s, from the law of conservation of mechanical energy, the maximum velocity was calculated to be 10.4 m/s) was applied to the node that constituted the head model ( Fig.9(a) ). The impact velocity that satisfied this case was 10.4 m/s, which caused negative pressure on the opposite side of impact ( Fig.9(b) ) and a skull fracture in the occiput region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 3.7 ms. [ Case 7] A sailor fell from 10 m high onto a deck, and the occipital region of head was impacted, causing a skull fracture at the occipital region and contrecoup contusions at the lower side of the frontal lobe and frontal pole. In the simulation, the impact velocity (1-14m/s, from the law of conservation of mechanical energy, the maximum velocity was calculated to be 14 m/s) was applied to the node that constituted the head model ( Fig.10(a) ). The impact velocity that satisfied this case was around 10 m/s, which caused negative pressure on the (Fig.10(b) ) and skull fracture in the occiput region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 3.6 ms. [ Case 8] A man fell down onto an asphalt road, and the occipital region of the head was impacted, causing a skull fracture at the occipital region and a contrecoup contusion at the frontal pole. In the simulation, the impact velocity (1-15 m/s) was applied to the node which constituted the head model ( Fig.11(a) ). The impact velocity which satisfied this case was around 11m/s, which caused the negative pressure at the opposite side of impact (Fig.11(b) ) and the skull fracture at the occiput region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 2.9 ms. [ Case 9] A man fell down onto an asphalt road, and the right occipital region of the head was impacted, causing a skull fracture at the right temporal region and contrecoup contusions at the lower sides of the right frontal and right temporal lobe and on the lateral surface of the left temporal lobe. In the simulation, the impact velocity (1-15 m/s) was applied to the node which constituted the head model ( Fig.12(a) ). The impact velocity which satisfied this case was around 7m/s, which caused the negative pressure at the opposite side of impact ( Fig.12(b) ) and the skull fracture at the right occipital region of the head. The input force duration (i.e. the length of time that the impact object contacted the head) of this case was counted from the animation of the analysis result, was 3.4 ms. 
Relationship Between Force Duration and Contusion Type
Coup and contrecoup contusions were classified according to the force duration which was obtained from the simulations (Table 3 ). In coup contusion cases, the input force durations were 1.4~2.7ms, and in contrecoup contusion cases, the input force durations were 2.9~3.7ms. Short (1.4~2.7ms) and long (2.9~3.7ms) force durations were obtained from coup and contrecoup contusion cases, respectively. These results show that when the head is impacted by sharp-cornered objects, coup contusions due to the short force durations are caused more easily; meanwhile, when the head is impacted by objects with flat surfaces, contrecoup contusions due to the long force durations are caused more easily. 
Discussion
In this study, to understand the relationship between input force duration and type of cerebral contusion, 9 real-world brain injury accident cases were simulated using the finite element human head model. In the simulations, contusions were assumed to be caused by negative pressure inside the skull. The relative velocities between the head and impact objects were estimated for generating negative pressure in the lesion area of the brain and fracture the skull in the fracture region described in the postmortem data.
In coup contusion simulations, in cases 1 and 3 (impacted with beer and sake bottles, respectively), impact to the head by sharp objects resulted in short force durations. Negative v = 1-15 m/s asphalt road model pressures only occurred at the impact side, which subsequently caused coup contusions. In the simulation of case 2, the contact position of the wooden box (1.5 t) and the head was changed for generating negative pressure on the impact side. The results show that the contact position must be the corner of the box to generate negative pressure on the impact side. Furthermore, the input force duration became shorter when impacted by the corner than the flat surface. Therefore, when coup contusions occur, the sharp shape of the impact object causes short force duration.
In cases 4 and 5 (impacted with a tank lorry and steel box, respectively), the surfaces that contacted the head were flat, resulting in long force durations; negative pressures only occurred at the opposite side, thus causing contrecoup contusions. Therefore, impact to the occipital region by heavy objects with flat surfaces result in longer force durations with negative pressure generated only on the opposite side of impact, thus causing a contrecoup contusion.
Force durations were longer in cases 6 and 7 (impacted from falls onto a concrete road and a wooden deck, respectively) because the surfaces contacting the head were flat; negative pressures only occurred at the opposite side of impact, thus causing contrecoup contusions. The impact regions in these cases were the upper side of occipital region and the occipital region, respectively. The heights of these cases were 5.5m and 10m, respectively. Despite the impact regions and the heights of these cases were different, the impact velocities and the force durations of case6 (10.4 m/s, 3.7 ms) are similar to those of case7 (10 m/s, 3.6 ms), respectively.
In cases 8 and 9, the head was impacted as a result of falling down onto an asphalt road. The force durations (case8: 2.9 ms; case9: 3.4 ms) were longer because the surfaces contacting the head were flat; negative pressures only occurred at the opposite side of impact, thus causing contrecoup contusions. In the simulations of cases 8 and 9, velocities of the occipital and right temporal impacts were 11 and 7 m/s, respectively, indicating that temporal impacts can generate negative pressure more easily than occiput impacts; therefore, temporal impacts cause cerebral contusions more easily. The force duration of the right temporal impact (3.4 ms) was 17% longer than on the occipital region (2.9 ms). The head is considered to rotate when the impact region is the right temporal region. Doorly et al. reconstructed two real-life accident cases arising from fall downs using the multibody dynamics and finite element method (11) . They reported force duration when the occipital region of the head was impacted was less than 3 ms (11) , similar to that of the occipital region impact in case 8 (2.9 ms). Therefore, the force durations obtained from this study appears appropriate. Short force durations were observed in the coup contusion cases (cases 1-3), and negative pressure was generated only at the impact side; furthermore, thumping vibrations of pressure fluctuations of the impact side and its opposite side were observed. In contrast, long force durations were observed in the contrecoup contusion cases (cases 4-9), and negative pressure was generated only on the opposite side of impact; thumping vibrations did not occur. While large amount of positive pressure also occurred inside the skull, the basis of this study is that cerebral contusions are caused by negative pressure; therefore, the effects of positive pressure were not considered; future studies should consider this.
Conclusion
In this study, the relationship between input force duration and dynamic response of the human head were analyzed by simulating real-world brain injury accident cases using a finite element human head model. In these simulations, contusions were assumed to be caused by negative pressure inside the skull. The relative velocities between the head and impact objects required to generate negative pressure in the lesion area of the brain and fracture the skull in the region described in the postmortem data were estimated. The results show that negative pressure occurs on the impact side in coup contusion cases and is directly correlated with short force durations. In contrast, in contrecoup contusion cases, negative pressure occurs on the opposite side of impact and is directly correlated with long force durations. Therefore, coup contusions are caused when the input force durations are short, contrecoup contusions are caused when the input force durations are long.
However, in the 9 cases used in this study, the stiffness, velocity, contact position of the impact object and the impact force are different at each case. So, the relationship of these parameters and contusion types is still unclear. Therefore, in the future work, more cases should be reconstructed to understand the relationship between these parameters and contusion types.
